Ashikaga H, Coppola BA, Yamazaki KG, Villarreal FJ, Omens JH, Covell JW. Changes in regional myocardial volume during the cardiac cycle: implications for transmural blood flow and cardiac structure. Am J Physiol Heart Circ Physiol 295: H610 -H618, 2008. First published May 30, 2008 doi:10.1152/ajpheart.00107.2008Although previous studies report a reduction in myocardial volume during systole, myocardial volume changes during the cardiac cycle have not been quantitatively analyzed with high spatiotemporal resolution. We studied the time course of myocardial volume in the anterior mid-left ventricular (LV) wall of normal canine heart in vivo (n ϭ 14) during atrial or LV pacing using transmurally implanted markers and biplane cineradiography (8 ms/frame). During atrial pacing, there was a significant transmural gradient in maximum volume decrease (4.1, 6.8, and 10.3% at subepi, midwall, and subendo layer, respectively, P ϭ 0.002). The rate of myocardial volume increase during diastole was 4.7 Ϯ 5.8, 6.8 Ϯ 6.1, and 10.8 Ϯ 7.7 ml ⅐ min Ϫ1 ⅐ g Ϫ1 , respectively, which is substantially larger than the average myocardial blood flow in the literature measured by the microsphere method (0.7-1.3 ml ⅐ min Ϫ1 ⅐ g Ϫ1 ). In the early activated region during LV pacing, myocardial volume began to decrease before the LV pressure upstroke. We conclude that the volume change is greater than would be estimated from the known average transmural blood flow. This implies the existence of blood-filled spaces within the myocardium, which could communicate with the ventricular lumen. Our data in the early activated region also suggest that myocardial volume change is caused not by the intramyocardial tissue pressure but by direct impingement of the contracting myocytes on the microvasculature. myocardial structure; ventricular pacing; mechanical dyssynchrony PREVIOUS STUDIES REPORT SYSTOLIC reduction in myocardial volume (13, 15, 25, 28, 29, 35, 43) , which has been explained as a result of blood that is squeezed out of the coronary vasculature within the myocardium. The changes in myocardial volume during the cardiac cycle have not attracted much attention, primarily because the myocardial blood flow measured by microsphere techniques (0.7-1.3 ml⅐ min Ϫ1 ⅐g Ϫ1 ) (16) would predict systolic myocardial volume reduction on the order of only 1% (35).
Although previous studies report a reduction in myocardial volume during systole, myocardial volume changes during the cardiac cycle have not been quantitatively analyzed with high spatiotemporal resolution. We studied the time course of myocardial volume in the anterior mid-left ventricular (LV) wall of normal canine heart in vivo (n ϭ 14) during atrial or LV pacing using transmurally implanted markers and biplane cineradiography (8 ms/frame). During atrial pacing, there was a significant transmural gradient in maximum volume decrease (4.1, 6.8, and 10.3% at subepi, midwall, and subendo layer, respectively, P ϭ 0.002). The rate of myocardial volume increase during diastole was 4.7 Ϯ 5.8, 6.8 Ϯ 6.1, and 10.8 Ϯ 7.7 ml ⅐ min Ϫ1 ⅐ g Ϫ1 , respectively, which is substantially larger than the average myocardial blood flow in the literature measured by the microsphere method (0.7-1.3 ml ⅐ min Ϫ1 ⅐ g Ϫ1 ). In the early activated region during LV pacing, myocardial volume began to decrease before the LV pressure upstroke. We conclude that the volume change is greater than would be estimated from the known average transmural blood flow. This implies the existence of blood-filled spaces within the myocardium, which could communicate with the ventricular lumen. Our data in the early activated region also suggest that myocardial volume change is caused not by the intramyocardial tissue pressure but by direct impingement of the contracting myocytes on the microvasculature. myocardial structure; ventricular pacing; mechanical dyssynchrony PREVIOUS STUDIES REPORT SYSTOLIC reduction in myocardial volume (13, 15, 25, 28, 29, 35, 43) , which has been explained as a result of blood that is squeezed out of the coronary vasculature within the myocardium. The changes in myocardial volume during the cardiac cycle have not attracted much attention, primarily because the myocardial blood flow measured by microsphere techniques (0.7-1.3 ml⅐ min Ϫ1 ⅐g Ϫ1 ) (16) would predict systolic myocardial volume reduction on the order of only 1% (35) .
However, direct measurement of myocardial volume change during the cardiac cycle using implanted marker arrays shows a maximum systolic volume reduction of as much as 15% (43) . Myocardial volume changes Ͼ1% cannot be accounted for by the change in coronary blood volume during the cardiac cycle and thus may have important implications for the structure of the myocardial wall. However, myocardial volume changes during the cardiac cycle have not been quantitatively analyzed with high spatiotemporal resolution.
In this study, we examined the time course of myocardial volume change during the cardiac cycle in the LV anterior wall of normal canine heart in vivo using transmurally implanted markers and biplane cineradiography (8 ms/frame). The measured changes in myocardial volume suggest existence of additional mechanisms besides coronary blood volume movement that regulates myocardial volume.
METHODS
All protocols were approved by the Animal Subjects Committee of the University of California, San Diego, which is accredited by the American Association for Accreditation of Laboratory Animal Care. A subset of data included in this study has been presented previously in our reports (3) (4) (5) 14) that described local ventricular deformation. The present study represents a new analysis of the original data to obtain the time course of the myocardial volume change.
Experimental protocol. Fifteen adult mongrel dogs (20 -30 kg) were anesthetized with intravenous thiopental sodium (8 -10 mg/kg), intubated, and mechanically ventilated with isoflurane (0.5-2.5%), nitrous oxide (3 l/min), and medical oxygen (3 l/min) to maintain a surgical plane of anesthesia. To measure three-dimensional (3-D) myocardial deformation, three transmural columns of four to six 0.8-mm-diameter gold beads were placed within the LV anterior wall between the first and second diagonal branches of the left anterior descending (LAD) coronary artery via median sternotomy (Fig. 1A) . The bead placement technique using a bead insertion trocar was originally developed by Fenton et al. (17, 18) and modified by Waldman et al. (43) in this laboratory. It was further modified so that individual beads could be inserted in the myocardium at specific depths, with a typical transmural spacing of 1-2 mm (4). An 8-mmthick Plexiglas template, with three holes drilled at the corners of a 10-mm equilateral triangle to act as guides for the bead insertion trocar, was sutured to the epicardium over the measurement region. The bead placement device was inserted individually through each of the three holes, ensuring that the columns of four to six 1-mmdiameter gold beads were implanted along an axis that was approximately perpendicular to the epicardial tangent plane. It should be noted that subsequent 3-D deformation analysis does not depend on accurate bead placement; such placement is important only to ensure that the implantation region is local, i.e., that markers are distributed across the wall and that there is no overlap of beads during contraction in either view of the biplane cineradiography. After the bead insertion was complete, the platform was removed, and a 1.7-mm-diameter surface gold bead was sewn on the epicardium above each column. Gold beads (2-mm diameter) were sutured to the apical dimple (apex bead) and on the epicardium at the bifurcation of the LAD and left circumflex coronary artery (base bead) to provide end points for a left ventricular (LV) long axis (3) (4) (5) 14) . Three pairs of pacing wires were sutured to the left atrium (LA), the LV epicardial surface in the midanterior wall across the triangle of the surface gold beads, and in the midposterior wall. In all animals (n ϭ 15), atrial pacing was performed by stimulating the LA. In 12 animals within the group, anterior LV pacing was performed by stimulating both LA and the epicardial surface of the bead set in the anterior LV to measure LV myocardial deformation in the early activated region. In seven animals within the group, posterior LV pacing was performed by stimulating both LA and posterior LV to measure LV myocardial deformation in the late-activated region. The LA-LV delay was 20 -60 ms in both anterior and posterior LV pacing. All pacing protocols were conducted via a square-wave, constant-voltage electronic stimulator at a frequency 10 -20% above baseline heart rate to suppress native sinus rhythm, and stimulation parameters (voltage 10% above threshold, duration 8 ms, and frequency) were kept constant in each animal.
Each animal was positioned in a biplane radiography system, and synchronous biplane cineradiographic images (temporal resolution ϭ 8 ms) of the bead markers were digitally acquired with mechanical ventilation suspended at end expiration. Left ventricular pressure, central aortic pressure, LA pressure, and surface electrocardiograms (ECG) were recorded simultaneously with the cineradiographic images. Image acquisition for each pacing mode (atrial pacing, anterior and posterior LV pacing) was performed consecutively at the same heart rate to minimize variation in hemodynamic conditions. At the end of the study, the animal was killed with pentobarbital sodium, and the heart was perfusion-fixed with 2.5% buffered glutaraldehyde at the end-diastolic pressure measured in the study (4, 47) . Because the heart was fixed at end-diastolic pressure, fiber orientations in the fixed hearts were assumed to represent the fiber structure in the enddiastolic reference configuration in vivo (4) .
Histology. To avoid the distortional effects of dehydration and shrinkage associated with embedding, histologic measurements were obtained using freshly fixed heart tissue. In the transmural block of tissue within the implanted bead set, the mean myofiber angle was measured with reference to the positive circumferential direction and was determined from epicardium to endocardium at every 1-mm-thick section sliced parallel to the epicardial tangent plane (4) .
Data analysis. The digital images from biplane X-ray were corrected for magnification and spherical distortion (4) to reconstruct the 3-D coordinates (30) of the bead markers. End diastole was defined as the time of the peak of the ECG R-wave for atrial pacing and the ventricular pacing artifact (V-spike) for LV epicardial pacing. We chose the V-spike rather than the peak of R-wave as the reference state for LV epicardial pacing because the former reflects the timing of the activation of the pacing site, as opposed to the latter, which represents the timing of activation of the whole ventricle (5) . The timing of aortic valve opening (AVO) and closure (AVC) and mitral valve opening (MVO) was estimated from LV, LA and central aortic Fig. 1 . A: Experimental setup. The transmural bead set (ϳ10 mm) was implanted between the first (D1) and the second (D2) diagonal branch of the left anterior descending (LAD) coronary artery to measure three-dimensional (3-D) displacement of the myocardial tissue across the wall. To provide end points for a left ventricular (LV) long axis, 2-mm-diameter gold beads were sutured to the apical dimple (apex bead) and on the epicardium at the bifurcation of the LAD and left circumflex (LCx) coronary arteries (base bead). B: calculation of myocardial volume change within the bead set using finite deformation. Myocardial volume change can be calculated in an infinitesimal volume element at an arbitrary wall depth in the deformed configuration (dx1, dx2, dx3, time ϭ t) relative to the reference configuration (dX1, dX2, dX3, time ϭ 0). See text for details. Modified from Bonet and Wood (9) . C: calculation of myocardial volume change using individual tetrahedra created by intramyocardial beads. To validate myocardial volume calculation using finite deformation, we also calculated myocardial volume change within individual tetrahedra created by intramyocardial beads. Geometrical change of one representative tetrahedron from time ϭ 0 to time ϭ t is schematically shown.
pressures, so that each cardiac phase (isovolumic contraction, ejection, isovolumic relaxation, and diastolic filling) can be determined.
The time course of myocardial volume V was calculated from continuous, nonhomogeneous transmural distributions of 3-D finite deformation within the bead set for each frame as a deformed configuration with end diastole as the reference state (15) . Briefly, a continuous polynomial position field that mapped the beads in the undeformed reference configuration to those in the deformed configuration was determined. In essence, the deformed position of a bead was approximated by a polynomial function of its reference position. The degrees of freedom in the polynomial position field were optimized to give the best fit of the measured bead positions relative to the approximated or fit bead positions. The order of the polynomial is at most linear in circumferential and apex-base, and the maximum order in the radial axis is typically quadratic. To eliminate oscillations in the fitting polynomial, the number of degrees of freedom was kept much smaller than the number of measurements, typically 10-fold fewer. With this continuous polynomial mapping from reference position to current position, differentiation with respect to reference position gives the 3-D deformation gradient tensor F (ϭ a 3 ϫ 3 matrix), which depends on position.
In an infinitesimal volume element in the reference configuration with edges parallel to the Cartesian axes given by
( 1)
where e1, e2, and e3 are the orthogonal unit vectors (9) (Fig. 1B) , the elemental material volume dU defined by these three vectors at time ϭ 0 is given as
The spatial vectors in the deformed configuration are given by
The triple product of these elemental vectors gives the deformed volume du as
where detF is the determinant of F. Therefore, the myocardial volume V relative to the unit myocardial volume (ϭ1.00) at the reference configuration (ϭend diastole) is given by
To validate myocardial volume calculation using finite deformation, we also calculated myocardial volume change within individual tetrahedra created by intramyocardial beads (Fig. 1C) . The data over time were linearly interpolated over time to yield the same number of data points in each cardiac phase in each animal. The number of data points was the average number of data points in each cardiac phase among all the animals (n ϭ 15). The time course was determined at three transmural layers as follows: 20% (subepi), 50% (midwall), and 80% wall depth (subendo).
The rate of myocardial volume change V is expressed as
When the specific mass of the myocardium is 1.05 (g/ml) (34), the volume increase ⌬V in (ml/g) from end systole (ES) to end diastole (ED) is expressed as
The rate of myocardial volume increase V in (ml ⅐ min Ϫ1 ⅐ g Ϫ1 ) is thus expressed as
If the myocardial volume increase is caused solely by myocardial blood flow, the value of V in should be similar to myocardial blood flow (ml ⅐ min Ϫ1 ⅐ g Ϫ1 ). As a surrogate for the regional mechanical work, regional work index WLV was defined as the area of the LV pressure-fiber stretch ratio (f) loop. The fiber stretch ratio represents the myofiber length normalized to its length at end diastole, and is defined as f ϭ ͱ2E ff ϩ 1 ( 13) where E ff is the strain with respect to the local fiber coordinate, calculated from the Lagrangian Green's strain tensor E
and histologically measured fiber angles at each depth (4). F T is the transpose of F, and I is the identity matrix. WLV was compared between different pacing modes at the same depth. The value of WLV is normalized to atrial pacing at each layer.
Statistical analysis. Values are means Ϯ SD. One-way repeatedmeasures ANOVA was used to assess the transmural gradient of the mean values and any difference between different pacing modes. Statistical analysis was performed using SigmaStat 3.0 (SPSS, Chicago, IL).
RESULTS
Of 15 animals studied, one animal data were excluded because a total of 5 beads in this animal appeared overlapped in both biplane cineradiographic views, and calculated radial velocity of these beads far exceeded the maximum wall thickening rate. As a result, 14 animals with atrial pacing, 11 animals with anterior LV pacing, and 7 animals with posterior LV pacing were included in the final analysis. The site of myocardial deformation measurement was located at 68 Ϯ 9% of the distance from base to apex along the LV long axis in a region of the anterior LV free wall 1 to 2 cm septal of the anterolateral papillary muscle. The average end-diastolic myocardial volume within the bead set was 0.42 Ϯ 0.12 ml.
Validation of myocardial volume calculation using finite deformation. Figure 2 shows excellent agreement of myocardial volume change using finite deformation and tetrahedral volumes in a representative animal. In all animals studied, there was no significant difference in end-systolic relative myocardial volumes between finite deformation and tetrahedral methods at any layers [P ϭ not significant (NS)].
Myocardial volume change during atrial pacing. Myocardial volume decreased consistently during systole (Fig. 3A) , reaching the minimum values of 0.959 Ϯ 0.050, 0.932 Ϯ 0.040, and 0.897 Ϯ 0.070 at AVC, indicating a volume decrease of 4.1, 6.8, and 10.3% at subepi, midwall, and subendo layers, respectively (Table 1) . Following ES, the myocardial volume increased, returning to the baseline volume (ϳ1.00, Fig. 3A ). There was a significant transmural gradient of relative myocardial volumes at AVO, AVC, and MVO (P Ͻ 0.02, Fig.  3B ). The myocardial volume increase ⌬V in was 0.043 Ϯ 0.053, 0.062 Ϯ 0.055, and 0.098 Ϯ 0.070 (ml/g) (subepi, midwall, and subendo layer, respectively), and there was a significant transmural gradient (P ϭ 0.01, Fig. 3C ). Rate of myocardial volume increase V in was 4.7 Ϯ 5.8, 6.8 Ϯ 6.1, and 10.8 Ϯ 7.7 [ml⅐min Ϫ1 ⅐g Ϫ1 ], respectively, and there was a significant transmural gradient (P ϭ 0.01).
Myocardial volume change during LV pacing. At the early activated site, LV pacing reduced a systolic decrease in myocardial volume, reaching minimum values of 0.962 Ϯ 0.026, 0.955 Ϯ 0.041, and 0.922 Ϯ 0.054 during ejection, indicating a volume decrease of 3.8, 4.5, and 7.8%, at subepi, midwall, and subendo layers, respectively (Fig. 4A) . The transmural gradient was abolished at AVO (P ϭ NS) and MVO (P ϭ NS), but still maintained at AVC (P ϭ 0.012, Fig. 4B ). Of note, myocardial volume clearly began to decrease before the LV pressure upstroke (Fig. 4A) . W LV normalized to atrial pacing was 0.51, 0.56, and 0.28 at subepi, midwall, and subendo layers, respectively, resulting in the transmural average of 0.45 (Fig. 4C) . W LV was significantly reduced from those of atrial pacing at all layers (P Ͻ 0.01).
In contrast, at the late activated site, the myocardial volume increased during early systole then decreased following AVO, reaching minimum values of 0.961 Ϯ 0.039, 0.951 Ϯ 0.039, and 0.931 Ϯ 0.057 at MVO, indicating a volume decrease of 3.9, 4.9, and 6.9% at subepi, midwall, and subendo layers, respectively (Fig. 5A) . The transmural gradient was abolished at AVO, MVO, or AVC (P ϭ NS, Fig. 5B ). W LV normalized to atrial pacing was 1.07, 1.25, and 1.21, respectively, resulting in the transmural average of 1.18 (Fig. 5C ). W LV was not significantly different compared with atrial pacing but was significantly increased compared with those of the early activated region at all layers (P Ͻ 0.01).
DISCUSSION
In this study, the regional volume change was derived from 3-D myocardial displacements within the intramyocardial bead set using finite deformation, which provided high spatiotemporal resolution data on myocardial volume change in mechanically synchronous and dyssynchronous hearts. The myocardial volume data from finite deformation agreed well with actual volume measurements using tetrahedra created by intramyocardial beads, which provides confidence in our techniques used in the study (Fig. 2) .
Myocardial volume change during the cardiac cycle. Our results clearly show that the myocardial volume undergoes a dynamic change during the cardiac cycle (Fig. 3A) . The myocardial volume at all layers decreased during systole and reached the minimum near AVC (ϭES), and there was a significant transmural gradient throughout the cardiac cycle. Maximum volume change of the subendocardial layer was 10.3%, almost threefold larger than the subepicardial volume change (4.1%, Table 1 ). Myocardial volume change in the published literature can be calculated from myocardial deformation. Techniques using the implanted markers showed that a systolic decrease in myocardial volume in dogs ranges from 5% (15) to 20% (43) in the midanterior wall, whereas the systolic decrease is 1% in the midseptum (28) . The same technique showed a systolic decrease of up to 7.3% in the midanterior wall of the pig (29) and 0.7% in the anterolateral wall of the sheep (13) . A study using a computed tomographybased technique without material markers in the myocardium reported a 12% systolic increase in the myocardial volume in dogs (25) ; however, this result likely involves measurement errors due to relatively low image quality and manual segmentation of the myocardial border. Another study using a motionencoding magnetic resonance imaging (MRI) technique showed up to a 1.5% systolic decrease in the equatorial one-third section in beagles (35) . Although these studies did not have the temporal or spatial resolution of the present study, the results from these studies suggest that the measured differences in the myocardial volume change are due to regional and species heterogeneity.
Myocardial volume change and blood flow: implications for cardiac structure and blood flow. A phasic change in the myocardial volume during the cardiac cycle and its direct correlation with coronary blood flow has been investigated. Gaasch and Bernard (20) found a 10% decrease in the enddiastolic LV wall thickness during acute coronary artery ligation and a 13% increase during reperfusion-induced reactive hyperemia. Although some of the decrease in the LV wall thickness may be accounted for by ventricular expansion due to ischemia, the larger systolic decrease in the subendocardium in our data agrees with the findings of earlier reports that showed systolic changes in vascular volume (38) . Hess and Bache (22) found an endocardial/epicardial flow ratio of 0.53 during systole, which indicates a greater systolic volume change and flow impediment in the subendocardium (16). Toyota et al. (38) compared the microvascular volumes in systolic and diastolic fixed hearts and found a 37% decrease in the subendocardial layers. Goto et al. (21) in a similar approach found a 43% systolic reduction in arteriolar diameters of the subendocardial layer. The greater reduction in blood volume in the subendocardium is likely a cause of systolic arterial flow reversal, or the "coronary slosh" phenomenon (23, 26, 39) , where a fraction of blood volume is transferred or pushed away from the subendocardium during systole.
However, ⌬V in appears too large to be caused only by the myocardial blood flow. We found up to a 10.3% volume increase per cardiac cycle (Table 1) , and the rate of myocardial volume increase V in at subepi, midwall and subendo layers was 4.7 Ϯ 5.8, 6.8 Ϯ 6.1 and 10.8 Ϯ 7.7 ml⅐min Ϫ1 ⅐g
Ϫ1
, respectively (Table 2) . These values are substantially larger than the myocardial blood inflow measured by the microsphere method (0.7-1.3 ml⅐min Ϫ1 ⅐g Ϫ1 ) (16) . In theory, the microsphere method measures the average blood inflow in ml⅐min Ϫ1 ⅐g Ϫ1 . The measured microsphere blood flow would cause a myocardial volume increase of only 1% per contraction (35), and cannot explain the level of volume increase observed in the present study. Based on these results, an additional source of the myocardial volume should be present that is not accounted for by coronary blood supply. Because there are systolic decreases in volume in all layers of the ventricular myocardium, the source would not be the capacitance reservoirs within the ventricular myocardium but should be outside the site of measurement. This suggests that the source of volume would either be the epicardial coronary vessels or the ventricular lumen. Without quantitative inflow and outflow information, it is not possible to separate these two possibilities. However, because previous studies have not shown a large negative venous blood flow (11) , which would contribute the volume increase during diastole, we speculate that the ventricular lumen is the most logical possibility.
It is possible to estimate from our data the volume of such blood-filled spaces within the ventricular myocardium that could communicate with the ventricular lumen. Assuming that the transmural blood flow is 1.0 ml⅐min Ϫ1 ⅐g Ϫ1 for simplicity, the rate of volume increase beyond blood flow is 3.7 Ϯ 5.8, 5.8 Ϯ 6.1 and 9.8 Ϯ 7.7 ml⅐min Ϫ1 ⅐g Ϫ1 at subepi, midwall, and subendo layers, respectively (Table 2) . Using the average cycle length of all animals (ϭ 544 ms), the volume increase beyond blood flow is 0.034 Ϯ 0.053, 0.053 Ϯ 0.055, and 0.089 Ϯ 0.070 ml/g (e.g., 9.8 ϫ 0.544/60 ϭ 0.089 for subendo). When the specific mass of the myocardium is 1.05 g/ml, these volume increases would be accommodated by 3.5, 5.5, and 9.3% of the myocardial volume, respectively (e.g., 0.089 ϫ 1.05 ϭ 0.093 for subendo).
We speculate that three anatomical structures would potentially constitute the blood-filled spaces within the myocardium, which contribute to the myocardial volume change during the cardiac cycle and explain the larger volume changes than expected from the myocardial blood flow measured by the microsphere method. Values are means Ϯ SE. The values on the top row during each pacing mode are expressed as volume relative to 1.00 at end diastole and those on the bottom row are expressed as percent change relative to end diastole. LV, left ventricular; AVC, atrial valve closure; MVO, mitral valve opening.
The first potential structure is anatomical communication between coronary vessels and ventricular lumens, which have been described in the normal human heart for centuries (37, 44) , as recently reviewed by Angelini (1). Arterio-luminal communications connect a precapillary arteriolar vessel to sinusoidal, ventricular intertrabecular spaces that are found in 86% of LV and 50% of right ventricles (7). They are short with luminal areas of 50 -200 m, lack functional medial layers (2, 7), and are not revealed by clinical angiography. Coronaryvenous communications, or Thebesian veins, are especially frequent in the normal right atrium and ventricle. Their diameter is up to 2 mm; thus, these communications are angiographically visible, especially at the right ventricular outflow tract, where they provide the predominant coronary drainage.
The second potential structure is ventricular trabecular tissue. Novel observations of the ventricular trabecular tissue have recently been made by advanced cardiac imaging systems in vivo, which could not have been conducted in fixed histological tissues. Traditionally, an exaggerated form of trabeculation was considered to be present only in a congenital condition called noncompaction of the ventricular myocardium, or hypertrabeculation, where cardiac development somehow halts before compaction of the ventricular trabecular tissue (8) . However, recent studies demonstrated that the trabecular tissue composes as much as 50% from the endocardial border in the LV wall in human (31) , and the condition similar to the noncompaction but to a lesser degree is observed in 91% of normal subjects (32) . The trabecular tissue is most often prominent in the apical areas near the papillary muscles, which do not directly attach to the solid heart wall but to the trabecular tissue (6) and is lined with the endothelium and no direct connection to the ventricular lumen (19) . However, if rich trabecular tissue played a major role in myocardial volume change in our setting, we would have observed some of the endocardial beads lost in the LV cavity, which was not the case. In addition, although trabecular tissue may contribute to the volume change, it is unlikely to play a major role in the subepicardial and midmyocardial layers. The third potential structure that would provide volume change within the ventricular myocardium is cleavage spaces between myolaminar sheets. Given the dynamic mobility of the sheet structure, it is possible that the cleavage spaces between the sheets would also undergo dynamic change during the cardiac cycle, contributing to the volume change observed in our study.
Effects of LV pacing on myocardial volume change. LV pacing diminished the systolic decrease and altered the timing of maximum volume change (Figs. 4 and 5 and Table 1 ), resulting in a loss of transmural gradient. Therefore, mechanical dyssynchrony disrupts the physiological transmural gradient in myocardial volume change. Furthermore, in the early activated region, myocardial volume clearly began to decrease before the LV pressure upstroke (Fig. 4A ). This finding is not surprising because the fiber contraction in early activated regions precedes global pressure development in mechanically dyssynchronous hearts (5, 27, 46) . However, this observation contradicts the notion that the increase in the LV chamber pressure is the principal source of systolic intramyocardial vascular volume change and instead serves as evidence in support of the concept that thickening and impingement of individual myofibers have significant effects on the intramyocardial vessel size and flow (45) .
Implications for structural remodeling in mechanical dyssynchrony. Chronic mechanical dyssynchrony induces ventricular thinning in the early activated region and ventricular hypertrophy in the late activated region (27) . Our results showed that W LV was significantly reduced in the early activated region and increased in the late activated region compared with atrial pacing (Fig. 4B) , which is consistent with earlier studies (34) . We and others have speculated that this finding would explain the ventricular thickening and hypertrophy occurring in the late activated region (40, 41) . In contrast, the early activated region is associated with significantly reduced blood flow (40, 42) and reduced work. Relative underperfusion and atrophy from the decreased work load have already been proposed as potential mechanisms for the wall thinning in early activated sites (33) . In addition to these changes, the loss of the normal systolic transmural gradient in volume change in early activated areas in our data (Fig. 4B) indicates that flow in capacitance vessels, including small veins and venous plexi, may be altered. Changes in venous flow patterns are known to activate inflammatory changes with an increased expression of adhesion molecules (10, 12) and higher levels of inflammatory cell binding (24) , which could lead to cell loss and fibrosis.
Limitations. There are errors associated with the digitization of the two-dimensional images and reconstruction of 3-D marker locations. The 3-D spatial resolution of the system is ϳ0.07 mm. Assessment of the propagation of this error revealed that the variability in strain values was Ͻ0.02. The diameter of the intramyocardial beads was 0.8 mm; thus, the volume of each bead was 2.7 ϫ 10 Ϫ4 ml, which is only 0.06% of the volume enclosed by the beads (0.42 ml). Therefore, we do not believe that the size of the intramyocardial beads was too large for the measurement volume. However, the volume of myocardium bounded by the bead set was small, and local inhomogeneities may have influenced the results. It is possible that the linear interpolation process to obtain the same number of data points in each cardiac phase in each sample increased the uncertainty of the data in this study. However, the level of temporal resolution of our biplane cineradiography is 8 ms (ϭ125 frames/s), which is significantly higher than that of other 3-D motion-measurement techniques, such as MRI and echocardiography. The number of data points was the average number of data points in each cardiac phase among all the animals, meaning that the number of data points was roughly the same before and after linear interpolation in each sample. Therefore, the effect of overinterpolation (more data points than the raw data points) or underinterpolation (fewer data points than the raw data points) would be minimal. Given the high temporal resolution in the raw data (8 ms), it is unlikely that the linear interpolation process created a significant level of uncertainty of the data. Because the experiment was performed on the same day as the bead insertion, the "holes" of inserting the beads may have created artificial spaces in the myocardium. This artificial space may partially account for the large transmural gradient in the volume change observed, because deformation is larger at the endocardium. However, examination of an additional data of nine closed-chest animals in our laboratory revealed that the average end-systolic myocardial volume decrease at midwall was 4.1% at 7-10 days postbead implantation. Although this value is slightly smaller than 5.9% in the present study (Fig. 3B, AVC) , there was no significant difference between these two groups (P ϭ NS). This indicates that the effect of bead insertion holes on myocardial volume calculation is minimal, even when the experiment is performed on the same day as the bead insertion in an open-chest setup. The perfusion fixation in this study was conducted to measure fiber orientation at end-diastolic pressure. However, because fiber orientation does not significantly change during the cardiac cycle (36) , contraction during the fixation process, either regional or global, would probably not have influenced fiber orientation. In fact, we did not observe abrupt transitions in fiber orientation. Our measurements were restricted to the midanterior LV. Therefore, our findings may not be applicable to other LV regions. The 3-D finite defor- Values are means Ϯ SE. ⌬Vin, myocardial volume increase (ml/g); V in, rate of myocardial volume increase (ml ⅐ min Ϫ1 ⅐ g Ϫ1 ) . ANOVA used for assessment of significant transmural gradient (P Ͻ 0.05). NS, not significant. mation that we measured in open-chest, anesthetized dogs may not accurately reflect the transmural deformation in closedchest, conscious animals. In addition, measurements in the early and late activated regions were not conducted simultaneously. This might have affected the measured and calculated parameter values. It should also be emphasized that there seems to be substantial regional and species variations in the systolic volume change. In pigs, the myocardial volume decreases substantially at the subendocardium but increases slightly at the subepicardium, which implies the presence of vascular volume reservoirs within the myocardium and a possible blood transfer from subepicardium to subendocardium during diastole (29) . In sheep (13) and beagles (35) , the systolic decrease in volume is much smaller, which indicates that these spaces within the myocardium may not be present.
Conclusions
The myocardial volume undergoes a dynamic change during the cardiac cycle. The volume change is much greater than would be estimated from the known average transmural blood flow. This implies the existence of blood-filled spaces within the myocardium, which could communicate with the ventricular lumen or large epicardial vascular reservoirs. Our data also suggest that myocardial volume change is caused not by the intramyocardial tissue pressure but by direct impingement of the contracting myocytes on the microvasculature.
